We study the processes γγ → K þ K − η and γγ → K þ K − π 0 using a data sample of 519 fb −1 recorded with the BABAR detector operating at the SLAC PEP-II asymmetric-energy e þ e − collider at center-of-mass energies at and near the ϒðnSÞ (n ¼ 2; 3; 4) resonances. We observe η c → K þ K − π 0 and η c → K þ K − η decays, measure their relative branching fraction, and perform a Dalitz plot analysis for each decay. We observe the K Ã 0 ð1430Þ → Kη decay and measure its branching fraction relative to the Kπ decay mode to be RðK 
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I. INTRODUCTION
Charmonium decays, in particular J=ψ radiative and hadronic decays, have been studied extensively [1, 2] . One of the motivations for these studies is the search for non-qq mesons such as glueballs or molecular states that are predicted by QCD to populate the low mass region of the hadron mass spectrum [3] . Recently, a search for exotic resonances was performed through Dalitz plot analyses of χ c1 states [4] .
Scalar mesons are still a puzzle in light-meson spectroscopy: there are too many states and they are not consistent with the quark model. In particular, the f 0 ð1500Þ resonance, discovered inpp annihilations, has been interpreted as a scalar glueball [5] . However, no evidence for the f 0 ð1500Þ state has been found in charmonium decays. Another glueball candidate is the f 0 ð1710Þ discovered in radiative J=ψ decays. Recently, f 0 ð1500Þ and f 0 ð1710Þ signals have been incorporated in a Dalitz plot analysis of B → 3K decays [6] . Charmless B → KX decays could show enhanced gluonium production [7] . Another puzzling state is the K description of the scalar amplitude in Kπ scattering, the K Ã 0 ð1430Þ resonance is added coherently to an effectiverange description of the low-mass Kπ system in such a way that the net amplitude actually decreases rapidly at the resonance mass. The K Ã 0 ð1430Þ parameter values were measured by the LASS experiment in the reaction K − p → K − π þ n [8] ; the corrected S-wave amplitude representation is given explicitly in Ref. [9] . In the present analysis, we study three-body η c decays to pseudoscalar mesons and obtain results that are relevant to several issues in light-meson spectroscopy.
Many η c and η c ð2SÞ decay modes remain unobserved, while others have been studied with very limited statistical precision. In particular, the branching fraction for the decay mode η c → K þ K − η has been measured by the BESIII experiment based on a fitted yield of only 6.7 AE 3.2 events [10] . No Dalitz plot analysis has been performed on η c three-body decays.
We describe herein a study of the
systems produced in two-photon interactions. Two-photon events in which at least one of the interacting photons is not quasireal are strongly suppressed by the selection criteria described below. This implies that the allowed J PC values of any produced resonances are 0 AEþ ; 2 AEþ ; 3 þþ ; 4 AEþ … [11] . Angular momentum conservation, parity conservation, and charge conjugation invariance imply that these quantum numbers also apply to the final state except that the K þ K − η and K þ K − π 0 states cannot be in a J P ¼ 0 þ state. This article is organized as follows. In Sec. II, a brief description of the BABAR detector is given. Section III is devoted to the event reconstruction and data selection. In Sec. IV, we describe the study of efficiency and resolution, while in Sec. V the mass spectra are presented. Section VI is devoted to the measurement of the branching ratios, while Sec. VII describes the Dalitz plot analyses. In Sec. VIII, we report the measurement of the K Ã 0 ð1430Þ branching ratio, in Sec. IX we discuss its implications for the pseudoscalar meson mixing angle, and in Sec. X we summarize the results.
II. THE BABAR DETECTOR AND DATA SET
The results presented here are based on data collected with the BABAR detector at the PEP-II asymmetric-energy e þ e − collider located at SLAC and correspond to an integrated luminosity of 519 fb −1 [12] recorded at center-of-mass energies at and near the ϒðnSÞ (n ¼ 2; 3; 4) resonances. The BABAR detector is described in detail elsewhere [13] . Charged particles are detected, and their momenta are measured, by means of a five-layer, double-sided microstrip detector, and a 40-layer drift chamber, both operating in the 1.5 T magnetic field of a superconducting solenoid. Photons are measured and electrons are identified in a CsI(Tl) crystal electromagnetic calorimeter. Charged-particle identification is provided by the measurement of specific energy loss in the tracking devices, and by an internally reflecting, ring-imaging Cherenkov detector. Muons and K 0 L mesons are detected in the instrumented flux return of the magnet. Monte Carlo (MC) simulated events [14] , with sample sizes more than 10 times larger than the corresponding data samples, are used to evaluate signal efficiency and to determine background features. Two-photon events are simulated using the GamGam MC generator [15] .
III. EVENT RECONSTRUCTION AND DATA SELECTION
In this analysis, we select events in which the e þ and e − beam particles are scattered at small angles and are undetected in the final state. We study the following reactions
For reactions (1) and (3), we consider only events for which the number of well-measured charged-particle tracks with transverse momenta greater than 0.1 GeV=c is exactly equal to two. For reaction (2), we require the number of well-measured charged-particle tracks to be exactly equal to four. The charged-particle tracks are fit to a common vertex with the requirements that they originate from the interaction region and that the χ 2 probability of the vertex fit be greater than 0.1%. We observe prominent η c signals in all three reactions and improve the signal-to-background ratio using the data, in particular the cc η c resonance. In the optimization procedure, we retain only selection criteria that do not remove significant η c signal. For the reconstruction of π 0 → γγ decays, we require the energy of the less-energetic photon to be greater than 30 MeV for reaction (2) and 50 MeV for reaction (3) . For η → γγ decay, we require the energy of the less energetic photon to be greater than 100 MeV. Each pair of γ's is kinematically fit to a π 0 or η hypothesis requiring it to emanate from the primary vertex of the event, and with the diphoton mass constrained to the nominal π 0 or η mass, respectively [16] . Due to the presence of soft-photon background, we do not impose a veto on the presence of additional photons in the final state. For reaction (1), we require the presence of exactly one η candidate in each event and discard events having additional π 0 's decaying to γ's with energy greater than 70 MeV. For reaction (3), we accept no more than two π 0 candidates in the event.
In reaction (2), the η is reconstructed by combining two oppositely charged tracks identified as pions with each of the π 0 candidates in the event. The η signal mass region is defined as 541 < mðπ þ π − π 0 Þ < 554 MeV=c 2 . The momentum three-vectors of the final-state pions are combined and the energy of the η candidate is computed using the nominal η mass. According to tests with simulated events, this method improves the K þ K − η mass resolution. We check for possible background from the reaction γγ → K þ K − π þ π − π 0 [17] using η sideband regions and find it to be consistent with zero. Background arises mainly from random combinations of particles from e þ e − annihilation, from other two-photon processes, and from events with initial-state photon radiation (ISR). The ISR background is dominated by J PC ¼ 1 −− resonance production [18] . We discriminate against
, where p e þ e − is the four-momentum of the initial state and p rec is the four-momentum of the
system. This requirement also removes a large fraction of a residual J=ψ contribution.
Particle identification is used in two different ways. For reaction (2) , with four charged particles in the final state, we require two oppositely charged particles to be loosely identified as kaons and the other two tracks to be consistent with pions. For reactions (1) and (3), with only two charged particles in the final state, we loosely identify one kaon and require that neither track be a well-identified pion, electron, or muon. We define p T as the magnitude of the vector sum of the transverse momenta, in the e þ e − rest frame, of the final-state particles with respect to the beam axis. Since well-reconstructed two-photon events are expected to have low values of p T , we require p T < 0.05 GeV=c. Reaction (3) is affected by background from the reaction γγ → K þ K − where soft photon background simulates the presence of a low momentum π 0 . We reconstruct this mode and reject events having a γγ → K þ K − candidate with p T < 0.1 GeV=c. Figure 1 shows the measured p T distribution for each of the three reactions in comparison to the corresponding p T distribution obtained from simulation. A peak at low p T is observed in all three distributions indicating the presence of the two-photon process. The shape of the peak agrees well with that seen in the MC simulation.
IV. EFFICIENCY AND RESOLUTION
To compute the efficiency, η c and η c ð2SÞ MC signal events for the different channels are generated using a detailed detector simulation [14] in which the η c and η c ð2SÞ mesons decay uniformly in phase space. These simulated events are reconstructed and analyzed in the same manner as data. The efficiency is computed as the ratio of reconstructed to generated events. Due to the presence of long tails in the Breit-Wigner (BW) representation of the resonances, we apply selection criteria to restrict the generated events to the η c and η c ð2SÞ mass regions. We express the efficiency as a function of the mðK þ K − Þ mass and cos θ, where θ is the angle in the K þ K − rest frame between the directions of the K þ and the boost from the
To smooth statistical fluctuations, this efficiency is then parametrized as follows.
First we fit the efficiency as a function of cos θ in separate intervals of mðK þ K − Þ, in terms of Legendre polynomials up to L ¼ 12: 
FIG. 1 (color online). Distributions of
In each figure the data are shown as points with error bars, and the MC simulation is shown as a histogram; the vertical dashed line indicates the selection applied to isolate two-photon events.
where m denotes K þ K − invariant mass. For each value of L, we fit the mass dependent coefficients a L ðmÞ with a seventh-order polynomial in m. Figure 2 shows the resulting fitted efficiency ϵðm; cos θÞ for each of the three reactions. We observe a significant decrease in efficiency for cos θ ∼ AE1 and 1.1 < mðK þ K − Þ < 1.5 GeV=c 2 due to the impossibility of reconstructing low-momentum kaons (p < 200 MeV=c in the laboratory frame) which have experienced significant energy loss in the beampipe and inner-detector material. The efficiency decrease at high m for Fig. 2(b) ] results from the loss of a low-momentum π 0 from the η decay.
The mass resolution, Δm, is measured as the difference between the generated and reconstructed Figure 3 shows the Δm distribution for each of the η c signal regions; these deviate from Gaussian line shapes due to a low-energy tail caused by the response of the CsI calorimeter to photons. We fit the distribution for the [19] , and those for the 
final states, respectively. 
V. MASS SPECTRA

FIG. 2 (color online)
. Fitted detection efficiency in the cos θ vs:
Each bin shows the average value of the fit in that region. 
FIG. 3 (color online). MC mass resolution for (a)
The curves represent the fits described in the text.
correction. There are 2950 events in the mass region between 2.7 and 3.8 GeV=c 2 , of which 73% are from the η → γγ decay mode and 27% are from the η → π þ π − π 0 decay mode. We observe a strong η c signal and a small enhancement at the position of the η c ð2SÞ. The η c signal-tobackground ratio for each of the η decay modes is approximately the same. We perform a simultaneous fit to the K þ K − η mass spectra for the two η decay modes. For each resonance, the mass and width are constrained to take the same fitted values in both distributions. Backgrounds are described by second-order polynomials, and each resonance is represented by a simple Breit-Wigner function convolved with the corresponding resolution function. In addition, we include a signal function for the χ c2 resonance with parameters fixed to their PDG values [16] . Figure 4 (a) shows the fit result, and Table I summarizes the η c and η c ð2SÞ parameter values. We have only a weak constraint on the η c ð2SÞ width and so we fix its value to 11.3 MeV [16] . Indicating with ν the number of degrees of freedom, we obtain a good description of the data with χ 2 =ν ¼ 194=204 and a χ 2 probability of 68.1%. Fig. 4 (b). There are 23 720 events in the mass region between 2.7 and 3.9 GeV=c 2 . We observe a strong η c signal and a small signal at the position of the η c ð2SÞ on top of a sizeable background. We perform a fit to the K þ K − π 0 mass spectrum using the background function BðmÞ ¼ e a 1 mþa 2 m 2 for m < m 0 and
Þ and a i , b i , and m 0 are free parameters [20] . The two functions and their first derivatives are required to be continuous at m 0 , so that the resulting function has only four independent parameters. In addition, we allow for the presence of a residual J=ψ contribution modeled as a simple Gaussian function. Its parameter values are fixed to those from a fit to the Figure 4 (b) shows the fit to the K þ K − π 0 mass spectrum, and Table I summarizes the resulting η c and η c ð2SÞ parameter values. We obtain a reasonable description of the data with χ 2 =ν ¼ 225=189 and a χ 2 probability of 3.8%. The following systematic uncertainties are considered. The background uncertainty contribution is estimated by replacing each function by a third-order polynomial. The mass scale uncertainty is estimated from fits to the J=ψ signal in ISR events. In the case of η c → K þ K − η, we perform independent fits to the mass spectra obtained for the two η decay modes, and consider the mass difference as a measurement of systematic uncertainty. The different contributions are added in quadrature to obtain the values quoted in Table I .
VI. BRANCHING RATIOS
We compute the ratios of the branching fractions for η c and η c ð2SÞ decays to the K þ K − η final state compared to the respective branching fractions to the
For each η decay mode, N K þ K − η and N K þ K − π 0 represent the fitted yields for η c and η c ð2SÞ in the 
ð39.41 AE 0.20Þ% and ð22.92 AE 0.28Þ% for the η → γγ and η → π þ π − π 0 , respectively [16] . We estimate the weighted efficiencies ϵ K þ K − η and ϵ K þ K − π 0 for the η c signals by making use of the 2-D efficiency functions described in Sec. IV. Due to the presence of non-negligible backgrounds in the η c signals, which have different distributions in the Dalitz plot, we perform a sideband subtraction by assigning a weight w ¼ 1=ϵðm; cos θÞ to events in the signal region and a negative weight w ¼ −f=ϵðm; cos θÞ to events in the sideband regions. The weight in the sideband regions is scaled down by the factor f to match the fitted η c signal/background ratio. Therefore we obtain the weighted efficiencies as
where N indicates the number of events in the signal +sidebands regions. To remove the dependence of the fit quality on the efficiency functions we make use of the unfitted efficiency distributions. Due to the presence of a sizeable background for the η c ð2SÞ, we use the average efficiency value from the simulation. We determine
The width is extracted from the simultaneous fit to the K þ K − η mass spectra, and is fixed to this value in the fit to the K þ K − π 0 mass spectrum. This procedure is adopted because the signal-to-background ratio at the peak is much better for the
while the residual J=ψ contamination is much smaller. The η c and η c ð2SÞ mass values are determined from the fits. For the η c ð2SÞ, we fix the width to 11.3 MeV [16] . The resulting yields, efficiencies, measured branching ratios, and significances are reported in Table II . The significances are evaluated as N s =σ T where N s is the signal event yield and σ T is the total uncertainty obtained by adding the statistical and systematic contributions in quadrature.
We calculate the weighted mean of the η c branching-ratio estimates for the two η decay modes and obtain
which is consistent with the BESIII measurement of 0.46 AE 0.23 [10] . Since the sample size for η c ð2SÞ →
0 is small, we use only the η → γγ decay mode, and obtain
In evaluating Rðη c Þ for the η → γγ decay mode, we note that the number of charged-particle tracks and γ's is the same in the numerator and in the denominator of the ratio, so that several systematic uncertainties cancel. Concerning the contribution of the η → π þ π − π 0 decay, we find systematic uncertainties related to the difference in the number of charged-particle tracks to be negligible. We consider the following sources of systematic uncertainty. We modify the η c width by fixing its value to the PDG value [16] . We modify the background model by using fourth-order polynomials or exponential functions. The uncertainty due to the efficiency weight is evaluated by computing 1000 new weights obtained by randomly modifying the weight in each cell of the ϵðmðK þ K − Þ; cos θÞ plane according to its statistical uncertainty. The widths of the resulting Gaussian distributions yield the estimate of the systematic uncertainty for the efficiency weighting procedure. These values are reported as the weight uncertainties in Table II .
VII. DALITZ PLOT ANALYSES
We perform Dalitz plot analyses of the K þ K − η and K þ K − π 0 systems in the η c mass region using unbinned 
In the evaluation of significances, systematic uncertainties are included.
Channel Event yield Weights R Significance
where (i) N is the number of events in the signal region; (ii) for the nth event, m n is the
(vi) for the nth event, the A i ðx n ; y n Þ describe the complex signal-amplitude contributions; (vii) c i is the complex amplitude of the ith signal component; the c i parameters are allowed to vary during the fit process; (viii) for the nth event, the B i ðx n ; y n Þ describe the background probability-density functions assuming that interference between signal and background amplitudes can be ignored; (ix) k i is the magnitude of the ith background component; the k i parameters are obtained by fitting the sideband regions;
cos θÞ dxdy and I B i ¼ R B i ðx; yÞdxdy are normalization integrals; numerical integration is performed on phase space generated events. Amplitudes are parametrized as described in Refs. [16] and [21] . The efficiency-corrected fractional contribution f i due to resonant or nonresonant contribution i is defined as follows:
The f i do not necessarily sum to 100% because of interference effects. The uncertainty for each f i is evaluated by propagating the full covariance matrix obtained from the fit.
A. Dalitz plot analysis of
We define the η c signal region as the range 2.922-3.036 GeV=c 2 . This region contains 1161 events with ð76.1 AE 1.3Þ% purity, defined as S=ðS þ BÞ where S and B indicate the number of signal and background events, respectively, as determined from the fit [ Fig. 4(a) ]. Sideband regions are defined as the ranges 2.730-2.844 GeV=c 2 and 3.114-3.228 GeV=c 2 , respectively. Figure 5 shows the Dalitz plot for the η c signal region and Fig. 6 shows the Dalitz plot projections.
We observe signals in the K þ K − projections corresponding to the f 0 ð980Þ, f 0 ð1500Þ, f 0 ð1710Þ, and f 0 ð2200Þ states. We also observe a broad signal in the 1.43 GeV=c 2 mass region in the K þ η and K − η projections. In describing the Dalitz plot, we note that amplitude contributions to the K þ K − system must have isospin zero in order to satisfy overall isospin conservation in η c decay. In addition, amplitudes of the form K ÃK must be symmetrized as
so that the decay conserves C-parity. For convenience, these amplitudes are denoted by K Ãþ K − in the following.
The f 0 ð980Þ is parametrized as in a BABAR Dalitz plot [21] . For the f 0 ð1430Þ we use the BES parametrization [22] . For the K Ã 0 ð1430Þ, we use our results from the Dalitz plot analysis (see Sec. VII.C), since the individual measurements of the mass and width considered for the PDG average values [16] show a large spread for each parameter. The nonresonant (NR) contribution is parametrized as an amplitude that is constant in magnitude and phase over the Dalitz plot. The f 0 ð1500Þη amplitude is taken as the reference amplitude, and so its phase is set to zero. The test of the fit quality is performed by computing a two-dimensional (2-D) χ 2 over the Dalitz plot.
We first perform separate fits to the η c sidebands using a list of incoherent sum of amplitudes. We find significant contributions from the f uniform background. The resulting amplitude fractions are interpolated into the η c signal region and normalized to yield the fitted purity. Figure 6 shows the projections of the estimated background contributions as shaded distributions.
For the description of the η c signal, amplitudes are added one by one to ascertain the associated increase of the likelihood value and decrease of the 2-D χ 2 . Table III summarizes the fit results for the amplitude fractions and phases. We note that the f 0 ð1500Þη amplitude provides the largest contribution. We also observe important contributions from the K Ã 0 ð1430Þ þ K − , f 0 ð980Þη, f 0 ð2200Þη, and f 0 ð1710Þη channels. In addition, the fit requires a sizeable NR contribution. The sum of the fractions for this η c decay mode is consistent with 100%.
We test the statistical significance of the K Ã 0 ð1430Þ þ K − contribution by removing it from the list of amplitudes.
We obtain a change of the negative log likelihood Δð−2 ln LÞ ¼ þ107 and an increase of the χ 2 on the Dalitz plot Δχ 2 ¼ þ76 for the reduction by 2 parameters. This corresponds to a statistical significance of 10.3 standard deviations. We obtain the first observation of the K Ã 0 ð1430Þ AE → K AE η decay mode. We test the quality of the fit by examining a large sample of MC events at the generator level weighted by the likelihood fitting function and by the efficiency. These events are used to compare the fit result to the Dalitz plot and its projections with proper normalization. The latter comparison is shown in Fig. 6 , and good agreement is obtained for all projections. We make use of these weighted events to compute a 2-D χ 2 over the Dalitz plot. For this purpose, we divide the Dalitz plot into a number of cells such that the expected population in each cell is at least eight events. We compute χ Figs. 7 and 8 . We also compute the expected Legendre polynomial moments from the weighted MC events and compare with the experimental distributions. We observe good agreement for all the distributions, which indicates that the fit is able to reproduce the local structures apparent in the Dalitz plot.
Systematic uncertainty estimates for the fractions and relative phases are computed in two different ways: (i) the purity function is scaled up and down by its statistical uncertainty, and (ii) the parameters of each resonance contributing to the decay are modified within one standard 
B. Dalitz plot analysis of
We define the η c signal region as the range 2.910-3.030 GeV=c 2 , which contains 6710 events with ð55.2 AE 0.6Þ% purity. Sideband regions are defined as the ranges 2.720-2.840 GeV=c 2 and 3.100-3.220 GeV=c 2 , respectively. Figure 9 shows the Dalitz plot for the η c signal region, and Fig. 10 shows the corresponding Dalitz plot projections. The Dalitz plot and the mass projections are very similar to the distributions in Ref. [23] for the decay η c → K 
The superimposed curves result from the Dalitz plot analysis described in the text. We observe an enhancement in the low mass region of the K þ K − mass spectrum due to the presence of the a 0 ð980Þ, a 2 ð1320Þ, and a 0 ð1450Þ resonances. The K AE π 0 mass spectrum is dominated by the K Ã 0 ð1430Þ resonance. We also observe K Ã ð892Þ signals in the K AE π 0 mass spectrum in both the signal and sideband regions. We fit the η c sidebands using an incoherent sum of amplitudes, which includes contributions from the a 2 ð1320Þ, K Ã ð892Þ,
, K Ã ð1680Þ, and K Ã 0 ð1950Þ resonances and from an incoherent background. As for the Dalitz plot analysis described in Sec. VII.A, the resulting amplitude fractions are interpolated into the η c signal region and normalized using the results from the fit to the K þ K − π 0 mass spectrum. The estimated background contributions are indicated by the shaded regions in Fig. 10 . We perform a Dalitz plot analysis of η c → K þ K − π 0 using a procedure similar to that described for the η c → K þ K − η analysis in Sec. VII.A. We note that in this case, the amplitude contributions to the K þ K − system must have isospin one in order to satisfy isospin conservation in η c decay. As discussed in Sec. VII.A, the K ÃK amplitudes, again denoted as K Ãþ K − , must be symmetrized in order to conserve C-parity. We take the K Ã 0 ð1430Þ þ K − amplitude as the reference, and so set its phase to zero. The a 0 ð980Þ resonance is parametrized as a coupled-channel BreitWigner resonance whose parameters are taken from Ref. [24] . We do not include an additional S-wave isobar amplitude in the nominal fit. If we include a K Ãþ 0 ð800ÞK − amplitude, as for example in Ref. [25] , we find that its contribution is consistent with zero. Table IV summarizes the amplitude fractions and phases obtained from the fit. Using a method similar to that described in Sec. VII.C, we divide the Dalitz plot into a number of cells such that the number of expected events in each cell is at least eight. In this case there are 12 free parameters and we obtain χ 2 =ν ¼ 212=130. We observe a relatively large χ 2 contribution (χ 2 ¼ 19 for 2 cells) in the lower left corner of the Dalitz plot, where the momentum of the π 0 is very small; this may be due to a residual contamination from γγ → K þ K − events. The Dalitz plot analysis shows a dominance of scalar meson amplitudes with small contributions from spin-two resonances. The K Ã ð892Þ contribution is consistent with originating entirely from background. Other spin-one K Ã resonances have been included in the fit, but their contributions have been found to be consistent with zero. We note the presence of a sizeable nonresonant contribution. However, in this case the sum of the fractions is significantly lower than 100%, indicating important interference effects. Figure 10 shows the fit projections superimposed on the data, and good agreement is apparent for all projections. We compute the uncorrected Legendre We also compute the expected Legendre polynomial moments from weighted MC events and compare them with the experimental distributions. We observe satisfactory agreement in all distributions, but we note that there are regions in which the detailed behavior of some moments is not well reproduced by the fit. This is reflected by the high value of the χ 2 obtained. We have been unable to find additional amplitudes that improve the fit model. This may indicate, for example, that interference between signal and background is relevant to the Dalitz plot description.
Systematic uncertainty estimates on the fractions and relative phases are obtained by procedures similar to those described in Sec. VII.B. for the η c → K þ K − π 0 decay mode. Figure 13 shows the results of the likelihood scans. For the η c → K þ K − η mode, we obtain a minimum at 1435 MeV, but the limited size of the event sample does not permit a useful evaluation of the uncertainty. We evaluate systematic uncertainties for the K 
C. Determination of the
The superimposed curves result from the Dalitz plot analysis described in the text.
The mass value agrees well with that from the LASS experiment, but the width is approximately three standard deviations smaller than the LASS result. 
Similarly, the Dalitz plot analysis of the
Using the measurement of Rðη c Þ from Eq. (6), we obtain the K Ã 0 ð1430Þ branching ratio
where f πK denotes f π 0 K after correcting for the K 0 π decay mode.
We note, however, that in the Dalitz plot analyses the amplitude labeled "NR" may be considered to represent an S-wave Kπ or Kη system in an orbital S-wave state with respect to the bachelor kaon. As such, the NR amplitude has structure similar to that of the K Ã 0 ð1430Þ þ K − amplitudes, and hence may influence the associated fractional intensity contributions through interference effects. Therefore, we assess an additional systematic uncertainty on the value of the branching ratio given in Eq. (14) ; this is done in order to account for the impact of the ad hoc nature of the representation of the NR amplitude.
For example, if we denote the relative phase between the NR and K Ã 0 ð1430Þ þ K − amplitudes by ϕ NR , the value listed in Table IV is approximately þπ=2, so that the interference term between the amplitudes behaves like the imaginary part of the K Ã 0 ð1430Þ BW amplitude. This has the same mass dependence as the squared modulus of the BW, and it follows that the interference term causes the fractional contribution associated with the K Ã 0 ð1430Þ þ K − amplitude to be reduced.
We study the correlation between ϕ NR and the K Ã 0 ð1430Þ þ K − fraction f π 0 K by performing different fits in which ϕ NR is arbitrarily fixed to different values from 0 to 3π=2. We observe a correlation between f π 0 K and ϕ NR with f π 0 K varying from ð33.3 AE 1.8Þ% at ϕ NR ¼ π=2 to ð67.0 AE 2.2Þ% at ϕ NR ¼ 3π=2. To estimate the systematic uncertainty related to this effect, we remove the nonresonant contribution in both the
We obtain changes of the negative log likelihood Δð−2 ln LÞ ¼ þ319 and Δð−2 ln LÞ ¼ þ20 for 
The LASS experiment studied the reaction K − p → K − ηp at 11 GeV=c [26] . The K − η mass spectrum is dominated by the presence of the K 
which is not in conflict with the presence of a small branching fraction for the Kη decay mode.
IX. IMPLICATIONS OF THE K Ã 0 ð1430Þ BRANCHING RATIO FOR THE PSEUDOSCALAR MESON MIXING ANGLE
As noted in Sec. VIII, there is no evidence for K Ã 0 ð1430Þ production in the reaction K − p → K − ηp at 11 GeV=c [26] . There is also no evidence for K Ã 2 ð1430Þ production in this reaction, and a 0.92% upper limit on the branching ratio BðK Ã 2 ð1430Þ → KηÞ=BðK Ã 2 ð1430Þ → KπÞ is obtained at 95% confidence level. In Ref. [26] , this small value is understood in the context of a SU(3) model with octetsinglet mixing of the η and η 0 [27] . For even angular momentum l (i.e., D-type coupling), it can be shown [28] that a consequence of the resulting K ÃK η couplings is
where q Kη (q Kπ ) is the kaon momentum in the Kη (Kπ) rest frame at the K Ã mass and θ p is the SU(3) singlet-octet mixing angle for the pseudoscalar meson nonet. We note that R l equals zero if tan θ p ¼ −½1=ð2 · ffiffi ffi 2 p Þ (i.e., θ p ¼ −19.7°).
For l ¼ 2, the upper limit R 2 ¼ 0.0092 corresponds to θ p ¼ −9.0°and the central value yields θ p ¼ −11.4°.
In the present analysis, we obtain the value R 0 ¼ 0.092 þ0.027 −0.035 , where we have combined the statistical and systematic uncertainties in quadrature. The corresponding value of θ p is ð3.1 þ3.3 −5.0 Þ°, which differs by about 2.9 standard deviations from the result obtained from the K Ã 2 ð1430Þ branching ratio. The value of R 2 from Ref. [26] is in reasonable agreement with the analysis reported in Ref. [29] , which concludes that θ p ∼ −20°is consistent with experimental evidence from many different sources, although θ p ∼ −10°c annot be completely ruled out. In addition, a lattice QCD calculation [30] yields θ p ¼ ð−14.1 AE 2.8Þ°for the value of the octet-singlet mixing angle, in good agreement with the spin-two result and the conclusion of Ref. [29] , but differing by about three standard deviations from the spin-zero measurement. However, in Ref. [31] it is argued that it is necessary to consider separate octet and singlet mixing angles for the pseudoscalar mesons. For the octet, experimental data from many sources indicate a mixing angle of ∼ − 20°, whereas for the singlet the values are almost entirely in the range from zero to −10°. The analysis of Ref. [31] may be able to provide an explanation for the small value of the magnitude of θ p extracted from our measurement of the K Ã 0 ð1430Þ branching ratio by using the model suggested in Ref. [27] .
X. SUMMARY
We have studied the processes γγ → K þ K − η and γγ → K þ K − π 0 using a data sample corresponding to an integrated luminosity of 519 fb −1 recorded with the BABAR detector at the SLAC PEP-II asymmetric-energy e þ e − collider at centerof-mass energies at and near the ϒðnSÞ (n ¼ 2; 3; 4) resonances. We observe η c → K þ K − π 0 decay and obtain the first observation of η c → K þ K − η decay, measure their relative branching fractions, and perform a Dalitz plot analysis for each decay mode. The Dalitz plot analyses demonstrate the dominance of quasi-two-body amplitudes involving scalar-meson resonances. In particular, we observe significant branching fractions for η c → f 0 ð1500Þη and η c → f 0 ð1710Þη. Under the hypothesis of a gluonium content in these resonances, similar decay branching fractions to ππ and KK are expected. To obtain these measurements, it would be useful to study η c → ηππ, η c → η 0 K þ K − , and η c → η 0 π þ π − decays. We obtain the first observation of K Ã 0 ð1430Þ → Kη decay, and measure its branching fraction relative to the Kπ mode to be RðK −0.025 . This observation is not in complete agreement with the SU(3) expectation that the Kη system almost decouples from even-spin K Ã resonances [26] . Based on the Dalitz plot analysis of η c → K þ K − π 0 , we measure the K Ã 0 ð1430Þ parameters and obtain m ¼ 1438 AE 8 AE 4 MeV=c 2 and Γ ¼ 210 AE 20AE 12 MeV. We observe evidence for η c ð2SÞ → K þ K − π 0 decay, first evidence for η c ð2SÞ → K þ K − η decay, and measure their relative branching fraction.
